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Abstract 
In the case of most physiological tissues, longitudinal relaxation time (T1) depends on the applied magnetic field 
strength, and the T1-contrast between different types of tissues can be enhanced at low magnetic fields. Prepolarized 
SQUID-based MRI could be used to perform T1-weighted imaging at low fields. We aimed to develop a low-field 
MRI system that can provide clear T1-weighted images. The system consists of five sets of coils for generating 
magnetic fields required for generating the NMR/MRI signal and a first-order SQUID gradiometer for detecting free 
induction decay (FID) signals from a sample. We improved the polarizing-field-driving circuit to increase the field, 
and developed the SQUID-driving electronics to reduce the artifacts in the increased polarizing field. Using this 
system, we measured T1 of water–oil mixture sample. Clear T1 spectrum of each ingredient of the sample was 
obtained by CONTIN analysis. 
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1. Introduction 
In studies on magnetic resonance imaging (MRI), the general trend has been to focus on higher 
magnetic fields in order to improve the resolution. However, for most physiological tissue, longitudinal 
relaxation time (T1) depends on the magnetic field strength, and the T1-contrast between different types of 
tissues can be enhanced at low magnetic fields [1]. The fact that T1-contrast is enhanced at low magnetic 
field may allow more-efficient measurement of the composition ratios of physiological tissues, such as 
the ratio of muscle to fat. We used our low-field SQUID-based MRI system to measure T1 and 
demonstrated its suitability in performing composition analysis. In this paper, we describe the hardware 
of the system and report the measurement of a water–oil mixture sample by CONTIN analysis [2] to 
perform continuous analysis of the relaxation time. 
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Fig. 1. Block diagram of the low-field NMR/MRI system. 
2. Instrument Description 
The block diagram of our low-field NMR/MRI system is shown in Figure 1. The system consists of 
five sets of coils for generating appropriate magnetic fields to induce magnetic resonance in samples. A 
set of shielded planar coils [3] that generates a measurement field Bm up to 80 μT is placed at a distance 
of 140 mm. A pair of circular coils that generates polarizing field Bp up to 17 mT is placed in the middle 
of the shielded planar coils. These two magnetic fields are orthogonal to each other. The other three sets 
of shielded planar coils generate three orthogonal gradient fields for 3D Fourier imaging, and these coils 
are stacked on the planar coils that generate Bm. The room for the sample has a depth of 40 mm and 
diameter of 40 mm, and it is located at the center of the polarization circular coils. The system employs a 
low-Tc dc SQUID sensor as an NMR signal detector, which has first-order gradiometer pickup coil with 
15-mm diameter and 50-mm baseline. The pickup coil was placed immediately above the room for the 
sample to maximize the signal level. Moreover, the SQUID sensor itself was placed within a 
superconducting shield box made of lead to minimize artifacts caused by the magnetic fields applied to 
the sample. The pickup coils and SQUID sensor were kept at a temperature of 4.2 K in a cryostat filled 
with liquid helium. All measurement processes and associated parameters were controlled by a sequence 
controller with the timing accuracy of 1 μs and with the parameter resolution of 16 bits. 
Figure 2 (a) shows a block diagram of the circuitry of the polarization coil driver. The polarization coil 
was driven by a liner power-amplifier circuit consisting of four parallel-connected amplifiers. To reduce 
the noise induced by the polarization coil, an electromechanical relay was employed on the circuit to cut 
off the coil from the power amplifier when the SQUID sensor measures the NMR signal. A cascaded 
diode array was connected in parallel with the polarization coil to reduce the back electromotive force and 
enhance the signal level by immediately releasing the magnetic energy in the polarization coil. Because of 
the large polarization field, the NMR signal measured by the SQUID was contaminated with artifacts 
with levels that were more than hundred times the level of the signal of interest. To reduce the artifacts in 
the signal, the design of the SQUID-sensor-driving electronics, i.e., the FLL circuit was improved from 
the conventional single-integrator design to multi-integrator design. Figure 2 (b) shows the block diagram 
of the FLL circuitry with the multi-integrator design. As shown in the figure, to calculate the transfer 
function of the improved FLL circuit, the circuit was considered to be equivalent to a bandpass filter; we 
call the FLL “bandpass-type FLL.” The artifacts caused by the polarization coil only have low-frequency 
components in the range of one to a few hundred Hertz. We adjusted the passband of the bandpass-type 
FLL to a range of values corresponding to the Larmor frequency of the system. As a result of this design, 
artifact rejection improved significantly (i.e., all artifacts greater than 40dB are rejected.) 
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Fig. 2. Block diagram of (a) the polarization-coil-driving circuit and (b) bandpass-type FLL. 
3. Measurement of T1 relaxation time 
3.1. Method  
Figure 3 shows the pulse sequence of the measurement of the T1 relaxation time in this experiment. 
First, the sample is fully polarized by applying a strong polarization field Bp applied for a time tpol that is 
longer than the T1 relaxation time of the sample. After the polarization, the polarization field strength is 
switched from that of Bp to that of the relation field Br, and the polarized protons in the sample start their 
relaxation when the field strength is the root-sum-square of Br and Bm. After a certain period td, the 
strength of the relaxation field Br is reduced to zero. Then, the polarized protons begin to precess on the 
plane perpendicular to the direction of the measurement field Bm. The precession is observed as a free 
induction decay (FID) signal that is the output of the system. The strength of the FID signal is measured 
as the level of T1 relaxation after td. Therefore, the T1 decay curve corresponding to the selected magnetic 
field strength is obtained by measuring the FID signal strength at varying values of td. 
In this experiment, we set the following parameters for the measurement of the T1 relaxation time: Bp = 
13 mT; tpol = 5 s; Br = 0.61 mT; Bm = 34 μT; and td = 0–10 s. The strength of Br is considered to be the 
strength of the relaxation field because the strength of Br is significantly higher than that of Bm. For each 
td, eight FID signals are measured and averaged in the time domain to reduce the effect of artifacts. 
Further, the signal strength is calculated on the basis of the power of the frequency spectrum within a 
frequency range of 30.6 Hz, such that the Larmore frequency is the midpoint of this range. We prepared 
water and water–oil mixture samples to confirm the suitability of the designed measurement system as a 
composition analysis instrument. Each sample was filled in a plastic bottle of with a diameter of 30 mm 
and height of 40 mm. 
 
 
Fig. 3. T1-relaxation-time measurement sequence. 
(a) (b)
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Fig. 4 (a) Example of signal strength decay caused by T1 relaxation. (b) T1 spectrum obtained by CONTIN analysis. 
3.2. Results and Discussion 
Figure 4(a) shows the FID signal decay as a function of td for the measurement performed using a 
water–oil mixture sample. Using this data, we obtained the spectrum of T1 relaxation time by CONTIN 
analysis [2]. In this analysis, we assumed that the solution can be represented by a linear algebraic 
equation of the exponential function and determined the optimal solution corresponding to the time 
constant spectrum of the exponential function.  
The decay curve estimated using the result of CONTIN analysis is shown as the solid line on Figure 
4(a). Figure 4(b) shows the calculated spectrum of T1 relaxation time. We observed two clearly separated 
peaks on the T1 spectrum. We confirmed that a peak was at a T1 value of 4 s, which was in good 
agreement with the T1 value of water [4]. Further, the peak observed around T1 of 200 ms in the case of 
the water–oil mixture sample was not observed in the case of the water-only sample. Therefore, these two 
peaks were considered to correspond to the T1 relaxation time of water and oil. 
4. Conclusion 
We designed and constructed a SQUID-based low-field NMR/MRI system. The suitability of using 
this system for performing composition measurement of physiological tissues by measuring the T1 
relaxation time in low magnetic field was confirmed. 
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